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ABSTRACT. Parallel I/O has becomea necessityin the face of performanceimprovementsin
other areasof computingsystems.Studieshaveshownthat peakperformanceis infrequently
realized,andwork in parallel I/O optimizationstrivesto achievepeakperformancefor appli-
cations. In this paper we revisit one area of performanceoptimizationin parallel I/O, that
of server-sideschedulingof service. With the widevarietyof systemsandworkloadsseento-
day, multiple server-sideschedulingalgorithmsare necessary to match potentialworkloads.
We showthroughexperimentationthat performancegainscanbeseenin practicethroughthe
useof alternativeschedulingalgorithms,but that no singlealgorithmprovidesthebestperfor-
manceacrosstheboard. Finally wediscussthepotentialfor automaticmatchingof server-side
schedulingalgorithmsto workloadsin real-time.
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1. Introduction

Performanceimprovementsin computingtechnologyhave vastly out-pacedim-
provementsin storagetechnology. This trendhasled to the adoptionof parallelI/O
systemsasa solution.By combininglargenumbersof storagedevicesandproviding
thesystemsoftwareto utilize themin concert,parallelI/O hasextendedtherangeof
problemsthatmaybesolvedon high performancecomputingplatforms.However, it
is obviousfrom workloadstudiesthatpeakperformanceis rarelyattainedfrom these
coordinatedstoragedevices.

In order to addressthis, a collection of techniquesfor moreefficiently utilizing
theseresourceshasbeenresearchedanddeveloped.Thecollectionincludestraditional
I/O enhancementssuchas prefetchingandcachingas well as novel approachesto
organizingstorageaccessanddatatransferin parallelsystems.Themajority of these
approachesweretailoredfor theenvironmentin which they wereoriginally applied,
that of commercialsupercomputers.In commercialparallel machinesthe network
typically hasmuchlowerlatency andmuchhigherthroughputthanthestoragesystem,
andaccountingfor thisdisparityis thegoalof muchparallelI/O work.

Morerecentlynew parallelcomputingplatformshaveemerged,includingPCclus-
terssuchasBeowulf computers[RID 97]. Beowulfs areconstructedfrom commodity
componentsandcommonlyincludefastethernetnetworksandIDE disks.Thesecom-
ponentsareof roughly thesameorderof magnitudeof performance.Whencoupled
with varyingworkloadsit becomesevenlessobviouswhatresources,if any, will con-
sistentlyoutperformtheothercomponentsin thesystem.Thewidespreadadoptionof
clustersasa high performancecomputingplatformhasseenthesameI/O techniques
developedfor commercialsupercomputersappliedagain,but no work hasthus far
examinedtheviability of theseapproachesin thisnew arena.

In this work we focuson the applicationof server-sideschedulingalgorithmsin
parallel I/O workloadson clustersystems.First we cover previous work relatedto
schedulingof server operations.Secondwe describetheparallelfile systemin which
thesealgorithmswill beimplementedandtested.Third wedescribethesetof schedul-
ing algorithmswe have implementedfor thepurposeof this study. Next we describe
the setof workloadsusedin our testingto provide a variety of accesspatternsand
resourcedemands.Finally we examinethe resultsof our experiments.From these
experimentswe notethat the applicationof schedulingon the server sidedoeshave
noticeableeffectson performance,andthat a correlationbetweenresourcedemand
andoptimal algorithmchoicecanbe seen.We go on to describehow the resultsof
thiswork mightbeusedto implementaschedulingsystemthatcandynamicallyapply
schedulingalgorithms,in real-time,basedon workloadinformation.

2. Server-side scheduling

Thenetworksin themachinesin useduringthemajorityof earlyparallelI/O work
wereof muchhigherperformancethanthe thestoragesubsystemsprovided in these
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Figure 1. Data sieving example

systems.For example,the iPSC/860systemat NAS [NIT 92] hada total of ten I/O
nodesutilizing SCSIdiskswith a peakof 1 Mbyte/secproviding storagefor theCFS
parallelfile system.Thehypercube-basednetworkprovided2.8 Mbytes/secconnec-
tions betweenprocessors.At leastin part becauseof this environment,early tech-
niquesfor optimizing accesstendedto focus on optimizing disk performance.The
first four techniquescoveredin thissection,datasieving, two-phaseI/O, disk-directed
I/O, andserver-directedI/O, wereall originally appliedin or designedfor thesetypes
of systems.The last technique,stream-basedI/O, wasdesignedinsteadwith cluster
systemsin mind. Wewill discusseachof thesein turn.

2.1. Data sieving

Data sieving is a techniquefor efficiently accessingnoncontiguousregions of
datain files whennoncontiguousaccessesarenot provided as a file systemprimi-
tive[CHO 94]. It is presentedherebecauseit is abuilding block for two-phaseaccess,
which is discussedin thenext section.

Workloadstudieson a numberof platformshave shown that noncontiguousac-
cessesarea commonoccurrencein parallelI/O workloads[KOT 95]. Thenaive ap-
proachto accessingnoncontiguousregions is to utilize a separateI/O call for each
contiguousregion in thefile. This resultsin a largenumberof I/O operations,eachof
which is oftenfor averysmallamountof data.Theaddednetworkcostof performing
an I/O operationacrossthe network,asin parallelI/O systems,is often high dueto
latency. Thusthisnaive approachtypically performsverypoorly becauseof theover-
headof multipleoperations.In thedatasieving technique,anumberof noncontiguous
regionsareaccessedby readinga block of datacontainingall of the regionsinclud-
ing theunwanteddatabetweenthem(called“holes”). Figure1 shows anexampleof
how datasieving mightaccessanumberof noncontiguousregionsby readinga single
block. The regionsof interestarethenextractedfrom this large block by theclient.
This hasthe advantageof a singleI/O call, but additionaldatais readfrom the disk
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andpassedacrossthenetwork.Theimplementorsfoundfor their testsystem,anIntel
TouchstoneDelta, that the reductionof operationsoutweighstheaddeddatatransfer
for a largepercentageof accesses.

This techniquecanin fact alsobenefitsystemswith high latency networksaswell
in that it reducesthe numberof requests,for which thereis oftensignificantstartup
time. However, the percentageof datatransferredthat is desiredmust be high for
this to pay off. A moreappropriatetechniquefor reducingtheoverheadof multiple
requestsin networkboundsystemsis theuseof moredescriptiverequests.Theseallow
theI/O server to eitherperformnoncontiguousaccesses,if thecapabilityis available,
or to performthissieving on theserver side,reducingnetworktraffic. However, most
I/O systemsonly supportcontiguousaccesses.

2.2. Two-phase I/O

The two-phaseaccessstrategy is describedin [BOR 93]. This strategy attempts
to avoid the performancepenaltiesoften incurredwhendirectly mappingfrom the
distributionof dataondisksto thedistributionin processormemories.Datais first read
from disk,in thearrangementit isstoredin ondisk,by asubsetof processors.Thedata
is thenredistributedto theprocessorsin thefinal, processor-memorydistribution. The
strategy wastestedon the Intel TouchstoneDelta usingthe ConcurrentFile System
(CFS).The512processorDeltahasalimited numberof I/O nodes(32)andsubstantial
networkbandwidthbetweenprocessors,which arearrangedin a meshtopology.

In thefirst phaseof access,thenumberof processorsinvolvedis chosento match
the I/O nodes.Eachchosenprocessortypically requestsall the neededdatafrom a
singlediskandusesdatasieving to reducethenumberof requests.In thesecondphase,
theprocessorswho previously readdatafrom thediskscalculatethefinal destination
for eachblock of dataandperformthe necessarytransfers.This takesadvantageof
the additionalbandwidthbetweencomputeprocessorsto morequickly completethe
I/O process.

In order for this techniqueto be of use,computeprocessesmust communicate
and organizethe transfer, which meansthat collective I/O must be available. The
collective componentof two-phaseaccesscanbe implementedabove thefile system
layer (i.e. on top of a file systemthatdoesnot supportcollective accesses).Possibly
themostpopularimplementationof two-phaseI/O at this time is in theROMIO MPI-
IO implementation[ROM], which implementstwo-phaseaccesseson top of a variety
of parallelfile systemswith only independentaccessprimitives.

This techniqueindirectlyaffectsthebehavior of I/O serversby alteringtherequest
patternfrom many smallaccessesinto singlelargeaccessesperserver. This in effect
forcestheserver into a modewhereit is sequentiallyaccessinga singlelargeregion
(assumingtheserver returnsthebytesfrom therequestin order).It alsoconstrainsthe
server to servicingrequestsfor a singleclient, sinceonly oneclient makesa request.
Whendisk is the bottleneck,this techniqueis oftena win. Additionally it hasbeen
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shown thatsomeI/O systemsperformbestwhenthenumberof simultaneousaccesses
is limited [KRY 93, NIT 92]. Thesesystemsin particularbenefitfrom thisapproach.

2.3. Disk-directed I/O

Disk-directedI/O (DDIO) is a combinationof a numberof other techniquesfor
datatransferin parallelI/O systems[KOT 97]. DDIO wasdevelopedafter both the
datasieving andtwo-phasetechniques,andit relieson bothnoncontiguousandcol-
lective I/O primitivesin thefile system.Additionally theI/O serversmustbeableto
mapfile locationsinto diskblockpositionsandmustbecapableof reasonablypredict-
ing theoptimaldisk accesspattern.Thedisk-directedtechniqueusestheinformation
passedto it aboutthe datarequestedin the collective requestto determinea list of
physicalblocksto retrieve from thedisk. It sortstheseblocksinto someoptimalac-
cessorderingandusesdouble-bufferingto overlapdiskandnetworkI/O, sendingdata
directly to thefinal destination.

Fromtheserverschedulingpoint of view thedisk-directedapproachis superiorto
two-phasein that it passesa greatdealmoreinformationon thetotal accessalongto
theserver. Thisallowstheserver to determinetheaccessorderingutilizing bothinfor-
mationon what is beingaccessedandalsoinformationon wherethatdatais located
on disk. Furthermorethe disk-directedapproachgivesthe server the opportunityto
scheduleaccessacrossmultiplenetworkconnectionsaswell, asdatais moveddirectly
from theserver to theappropriateclients.

As far ascontributionsto awell-roundedI/O transfermethod,DDIO hasanumber
of thingsto offer. First, it makesuseof noncontiguousrequests,generallyresulting
in fewer, larger packets.Second,it promotesthe useof an orderingschemefor op-
timization on theserver side. While it might not alwaysmakesenseto optimizefor
disk access,anda staticschemesuchas the oneusedin their examplesmight not
helpin acomplex system,it doesmakesenseto have asystemcapableof determining
the costof transferringparticularpacketsandorderingtransfersaccordingly. Unfor-
tunatelymost parallel I/O systemsdo not meetthe requirementsfor implementing
DDIO. Server-directedI/O relaxestheserequirements.

2.4. Server-directed I/O

A derivative of disk-directedI/O, called server-directedI/O, was proposedand
implementedin the PANDA library [SEA 95]. This techniqueutilizes a high-level
multidimensionaldatasetinterface,performsarraychunking,andusesdisk-directed
techniquesatthelogical,or file, level. Insteadof determiningphysicalblocklocations,
they uselogical file offsetsto determinetheir optimalordering.File datais storedon
underlyinglocal file systems,andblock arrangementinformation was unavailable.
The developersfound that they were able to utilize almostthe full capacityof the
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disk subsystemsin their testsystemfor a rangeof arraysizesandnumbersof nodes,
despitethelackof disk block layoutinformation.

2.5. Stream-based I/O

Stream-basedI/O (SBIO) attemptsto addressnetworkbottlenecksin parallelI/O
systems[LIG 96]. TheSBIO techniquewasdevelopedaspartof theParallelVirtual
File System(PVFS)project[LIG 96], which is describedin Section3. With SBIO,
this conceptof combiningsmallaccessesinto moreefficient, largeonesis appliedto
datatransferover thenetwork.Databeingmovedbetweenclientsandserversis con-
sideredto be a streamof bytesregardlessof the locationof databyteswithin a file.
This is similar to a techniqueknown asmessagecoalescingin interprocessorcommu-
nication. Thesestreamsarepacketizedby underlyingnetworkprotocols(e.g. TCP)
for movementacrossthenetwork.Controlmessagesareplacedonly at thebeginning
andendof thedatastreamin orderto minimizetheir effectson packetization.This is
accomplishedby calculatingthestreamdataorderingon bothclient andserver.

This is strictly a techniquefor optimizing networktraffic. Whencoupledwith a
server thatfocusesonthenetwork(almost“networkdirectedI/O”), peakperformance
canbemaintainedfor a varietyof workloads,particularlywhennetworkperformance
lagsbehinddisk performanceor whenmostdataon I/O serversis cached.

3. PVFS design

Oneareain which commercialmachinesstill maintaingreatadvantageis thatof
parallelfile systems.A production-qualityhigh-performanceparallelfile systemhas
not beenavailablefor Linux clusters,andwithout sucha file system,Linux clusters
cannotbeusedfor largeI/O-intensiveparallelapplications.To fill this need,we have
developedaparallelfile systemfor Linux clusterscalledtheParallelVirtual File Sys-
tem (PVFS).PVFSis beingusedby a numberof groups,includingonesat Argonne
NationalLaboratoryandtheNASA GoddardSpaceFlight Center. Otherresearchers
areusingthePVFSsystemasa researchtool [TAK 99].

Detailson PVFScanbe found in [CAR 00]. The restof this sectionfocuseson
the componentsof PVFSwhich areof importanceto this study, namelyhow PVFS
managesdatastorage,how PVFSprocessesrequestsfor data,andhow this request
processingmight bemodifiedto studyserver-sideschedulingalgorithms.

3.1. PVFS metadata

PVFS files are striped acrossa set of I/O nodesin round-robinfashion. The
specificsof a given file distribution are describedwith threemetadataparameters:
startingI/O nodenumber(base), numberof I/O nodes(pcount), andstripsize(ssize).



Server-sidescheduling 7

.

.

.

.

.

.

inode

base

pcount

ssize

File /pvfs/foo

1092157504

2

3

65536

����������������������������
����������������������������

����������������������������������������������������
����������������������������������������������������

������������������������������������������������������������������������������������
������������������������������������������������������������������������������������
������������������������������������
������������������������������������

		
		







������������������������������������
����������������������������


�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�

������������������������������������������������������������������������������������

����������������������������������������������������
����������������������������������������������������

����������������������������
����������������������������

������������������������������������������������������������������������������������������������������������������������ ������
��

65536 bytes

/local/f1092157504 /local/f1092157504 /local/f1092157504

iod 1 iod 2 iod 3 iod 4 iod 5iod 0

Figure 2. Examplemetadataandfile distribution

Theseparameters,togetherwith anorderingof theI/O nodesfor thefile system,allow
thefile distributionto becompletelyspecified.

An exampleof someof themetadatafields for a file ������� �����"!�! is given in Fig-
ure 2. Thepcountfield specifiesthat thedatais spreadacrossthreeI/O nodes,base
specifiesthat the first (or base)I/O nodeis node2, andssizespecifiesthat the strip
size—theunit by which thefile is dividedamongthe I/O nodes—is64 Kbytes. The
applicationcansettheseparameterswhenthefile is created,or, if notspecified,PVFS
will usea defaultsetof values.

Thisfile metadata,includinglocationsof I/O nodes,is obtainedby theapplication
from thePVFSsystemwhena file is opened.This informationallowsapplicationsto
communicatedirectlywith I/O nodeswhenfile datais accessed.

3.2. I/O daemons and data storage

An orderedsetof I/O daemons(iods) run on the I/O nodesin the cluster. The
I/O nodesarespecifiedby theadministratorwhenthefile systemis installed. These
daemonsareresponsiblefor usingthelocaldisksoneachI/O nodefor storingdatafor
PVFSfiles,andthey dosoby usingalocalfile systemtostoredata.For eachPVFSfile
handledby thedaemon,a local file is createdon anexisting local file system.These
files areaccessedusingstandardUNIX #%$�&('*)�+ , ,�#.-0/"$1)�+ , and 2�23&(�*)4+ operations.
This meansthatall datatransferoccursthroughthekernelblock andpagecachesand
is scheduledby thekernelI/O subsystem.

Figure2 shows how theexamplefile ������� �����"!�! is distributedin PVFSbasedon
the metadata.Note thatalthoughtherearesix I/O nodesin this example,the file is
stripedacrossonly threeI/O nodes,startingfrom node2, becausethe metadatafile
specifiessucha distribution. EachI/O daemonstoresits portionof thePVFSfile in a
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Figure 3. I/O streamexample

file onthelocalfile systemontheI/O node.Thenameof thisfile is basedontheinode
numberthatthePVFSsystemassignedto thefile (in ourexample,1092157504).

As mentionedabove, whenapplicationtasks(clients)opena PVFSfile they are
returnedthelocationsof theI/O daemons.Theclientsthenestablishconnectionswith
theI/O daemonsdirectly. Theseconnectionsareusedstrictly for datarequests.When
a client wishesto accessfile data, the client library sendsa descriptionof the file
region beingaccessedto the I/O daemonsholding datain the region. The daemons
determinewhat portionsof the requestedregion they have locally andperform the
necessarydatatransfersusingTCP/IP.

Figure3 shows an exampleof how oneof theseregions, in this casea simple-
strided region, might be mappedto the dataavailable on a single I/O node. The
intersectionof the two regionsdefineswhat we call an I/O stream. This streamof
datais transferredin logical file orderacrossthe networkconnection.By retaining
the orderingimplicit in the requestandallowing the underlyingstreamprotocol to
handlepacketization,no additionaloverheadis incurredwith controlmessagesat the
applicationlayer.

Figure4 shows in greaterdetail what happenswhena client accessesdatafrom
PVFSI/O daemons.In red (gray) we seethe datathatwasrequested,which corre-
spondsto theregion describedin Figure3. In thetwo shadesof blue(blackandlight
gray)weseetheportionsof thisdatathatarestoredonthetwo I/O nodesacrosswhich
this file is striped.

Whenthis region is accessed,theI/O daemonseachsendbackanI/O streamcon-
tainingthe requesteddatathat they possess.Thesetwo streamsarethenmergedinto
theapplicationdatabuffer on theclient.
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Figure 4. File accessexample

3.3. PVFS request processing

ThePVFSrequestprocessingmechanismis the componentof PVFSthat imple-
mentstheschedulingpolicy. Herewe provide a shortoverview of thePVFSrequest
processingimplementation.First we cover how PVFSreceivesrequests,how these
areprocessed,andthestructurein which they arestoredfor service.Next we discuss
how thesystemhandlesmultiple simultaneousrequests.We concentrateon readop-
erationsin this discussion,andwe detail the actualsystemcalls usedby the iods to
performlocal file systemandsocketaccesses.

3.3.1. Receivingandqueuingrequests

Sinceall PVFSI/O is currentlyperformedover TCP, all PVFScommunicationis
throughtheUNIX socketsinterface.PVFSI/O serversmaintaina setof opensockets
thatarecheckedfor activity in a loop. Oneof thesesocketsis an“accept”socketthat
is usedby clientsto establishconnectionsfor service.Theothertwo possiblestates
for anopensocketarethat it is connectedbut hasno outstandingrequest,or that it is
in active usefor servicinga request.

PVFSI/O servers aresingle-threadedentitiesthat rely on the ��$�P�$"QR/*)�+ call to
identify connectionsthat are readyfor service. One of the socketsthat the server
queriesis theacceptsocket.Whenthis socket(or any otheropensocketnot involved
in a request)is readyfor reading,the I/O server attemptsto receive an I/O request.
Requestsaremessagessentby applicationtasks(clients)askingthatsomeoperation
beperformedon their behalf.Therequestis parsedafterreception,andif therequest
requiresdatatransfera job is createdto performthe necessaryI/O. Figure5 shows
the job datastructureasit is beingcreatedto servicea request.Thejob is associated
with a socketandfile, andattachedto thejob is a list of accesses. Accessesaredata



10
e soumissionàCalculateursParallèles.

iod

job 0

a0

a1

a2

a0 a1 a2

a = I/O daemon access

= Data requested

= Data on I/O daemon

n

Figure 5. Creatingaccessesfroma request

transfersthatmustbe performedto servicethe request.A job mayhave asmany as
tensor hundredsof accesses.

First theI/O server allocatesthejob structureandbreakstherequestinto contigu-
ous accessesbasedon the intersectionof the requesteddataand the dataavailable
locally on theserver. This is theprocessdiagrammedin Figure5. Following this an
acknowledgmentis prependedto theaccesslist for passingstatusinformationbackto
theclient (i.e. EOFreached).This job is thenaddedto thecollectionof jobs thatthe
I/O server is processing.

Figure6 shows multiple jobs in servicesimultaneously. As the I/O server pro-
cessesthesejobs, accessesassociatedwith the job are updatedand removed when
completed.In thisexample,job 1 hasalreadyhadits acknowledgmentsent,soit is no
longerpresenton theaccesslist.

3.3.2. Servicingrequests

Typically eachtaskin a parallelapplicationwill senda requestto eachI/O server
whenperforminganI/O operation,resultingin ajob oneachserver. It is easyto imag-
ine that for a largeparallelapplicationa largenumberof jobsmight be in serviceon
anI/O server atonetime. This largenumberof jobs,for which thereareby definition
no inter-job dependencies,provideuswith anopportunityto optimizeby selectingthe
orderin which jobswill beserviced.I/O servers,whennot idle, sit in a loopservicing
requests:

,�S.-RP�$T)VUW!(XYP -(�R/[Z"!(/Y$42%��/�\]+_^��$WP�$`QR/[&YU�!(X[/"!a��$(#W�.-(Q�$23&Rb3$���#"!(c�#%$`���d!(ZY&`QWQ�$`����$"�_�"!(#e��$�PW$`QR/"$('YU�!�Xf
Selectionof a job canbeperformedby any meanswe wish, includingexaminingthe
characteristicsof the job suchassize or next accesstype andposition. This gives
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Figure 6. Jobsin service

ustheflexibility to implementour schedulingalgorithms.Our schedulingalgorithms
will influencethesystemby choosingwhatjobswill beservicedandin whatorder.

Onceajob is selectedtheservercanperformall or partof thesequenceof accesses
for the selectedjob beforeselectinganotherjob to service. Generally, however, the
server shouldnot block waiting for any singlejob to completewhenotherjobscould
beserviced.Thustheserver normallyperformsonly theaccessesor partsof acceses
for a selectedjob thatwill not causetheserver to block.

TheI/O serverrefersto theaccesslist of theselectedjob in orderto determinewhat
operationshouldbeperformednext. In thecaseof areadoperationtheI/O serverfirst
uses2�2`&(�*)�+ to mapthe dataregion into its addressspace.This is performedon a
region of 128Kbytesin theimplementationtested,which throughtestingwasfound
to be a reasonabletrade-off betweenmappingtoo large a region andperformingtoo
many mappingoperationson this particularsystem.Oncetheregion is mappedinto
memory, �4$(Z�'*)�+ is usedto sendthedatafrom thedesiredregion to theremotehost.
The g�h4i3g4i%j�k"g�l4m flag is seton thesocketusing � QnZ�/"P1)�+ prior to sendingdatasothat
theserverwill notblockonthesocket.Whenanew regionof thefile is neededby this
connectionfor I/O, theold region is unmappedwith 2"o�Z(2`&(�*)�+ beforethenew region
is mapped.

3.4. Limitations

While PVFSis themostcompleteopen-sourceparallelfile systemavailableand
our bestoption for experimentation,its architecturedoesplacesomelimitations on
our ability to makeschedulingdecisionsandto implementpreviousschemes.

First and foremostPVFSservers operateat the userlevel. This meansthat all
schedulingactionsarein somesenseindirect;we canput datainto a socketbuffer or
performa ,�#p-q/"$1)�+ call to requestthatdatabestoredondisk,but in theendthekernel
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makesthefinal decisionon whenoperationshappen.This is particularlytroublesome
in thecaseof writes;it is verydifficult to forcetheLinux kernelto write datato disk.

Similarly, sinceiods storedatain files, it is morenaturalto makespatiallocality
decisionsbasedon file offsets. It is possiblethat blocks in the file are not placed
sequentially, but previouswork hasshown this techniqueto beeffective [SEA 95]. In
ourexperimentsweperformall operationsonasinglefile in orderto makethemostof
file offset information. Theuseof 2W23&(�*)�+ for readingdataand ,�#.-0/"$1)�+ for writing
datapreventsserversfrom truly knowing whenthey will block. They insteadrely on
thekernelbufferingof datato helpprovide overlapbetweendisk andnetworkI/O.

At the time thesetestswereperformed,PVFSdid not supportgeneralizednon-
contiguousrequests.Thuswe wereunableto utilize noncontiguousrequestsfor our
randomaccessworkload. Insteadmultiple contiguousrequestswereused,andthis
limits the ability of the server to organizethe datamovement. Finally, the stream-
baseddatatransfermethodimplementedin PVFSconstrainstheorderin which data
maybereturnedto theclient. Thisplacesanadditionalconstrainton theserver.

Thesecharacteristicsdo inhibit ourability to extractthehighestperformancefrom
theunderlyingcomponents.However, ourgoalhereis not toshow thehighestpossible
performancebut insteadto show thatmatchingschedulingalgorithmto workloadcan
provide a performancewin. This list of limitationsthenservesasa startingpoint for
further improvementof thePVFSsystem.

4. Scheduling algorithms

For our experimentswe have implmentedfour schedulingalgorithmsthat work
with PVFS.We will designatethesealgorithmsOpt 1 - 4. Thefirst algorithmis the
default algorithm for PVFS and is optimizedfor network access.The other three
areincreasinglydisk-oriented,focusingon reducingdisk accesstime. As previously
mentioned,PVFScannotsenddataout of orderfor a givenjob, but it cancontrol the
orderthatmultiple jobsareserviced,andthesedifferentalgorithmsreflectthis.

Opt 1 is thePVFSdefaultstream-basedalgorithm. Usingthis algorithm,the I/O
server first checksto seewhich networkconnectionsare readyfor serviceusinga��$�P�$`Qn/*)�+ call andthenserviceseachreadysocketin FCFSorderuntil theconnection
is no longerreadyfor service.Whenall readysocketshave beenservicedthisprocess
is repeated.Dueto limited buffering in thenetworksubsystem,this algorithmtends
to do a pretty good job of load balancingserviceto the variousjobs. It doesnot
considerdisk accessorderat all, andmay result in significantdisk headmovement
whenservicingmultiplerequests.Opt1 hastheadvantageof beingtheonly algorithm
thatdoesnot needto sortthejobs,makingits processingphasethefastestof thefour
algorithms.

Opt 2 is a modificationof Opt 1. As in Opt 1, first the server selectsall sockets
readyfor service,thenit sortsthesocketsbasedon theoffsetof thenext accessfrom
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Round rWs r"t rWu r�v r�w Schedule(inorder)x s 100 400 300 r"t , rWu , r�wx t 900 500 200 rWs , rWu , r�vx u 1000 300 400 rWs , r"t , r�w
Table 1. Exampleof Opt 1 scheduling

Round rWs r"t rWu r�v r�w Schedule(inorder)x s 100 400 300 r"t , r�w , rWux t 900 500 200 rWu , r�v , rWsx u 1000 300 400 r s , r t , r w
Table 2. Exampleof Opt 2 scheduling,startingwith y{z}|V~�� =100

thestartof thefile. Sortingstartsat thelastoffsetaccessedfor thefile ( y{z}|V~�� ), contin-
uesto thelargestoffsetfor areadyjob, andthencontinueswith thejobswhoseoffsets
aresmallerthanthelastoffset. In ourexperiments,all requestsareaccessingthesame
file, andif the operatingsystemdoesa reasonablejob of clusteringfile dataon the
disk,accessto diskshouldbein a moreefficientorderthanin Opt1.

Opt 3 further modifiesOpt 2 by removing somejobs that arereadyfor network
servicebecausetheirfile offsetdifferstoomuchfrom theotherjobs.Underthisoption,
alogicalwindow is definedthatspansfile offsetsin arangearoundlastoffsetaccessed.
The centerof the window is definedto be the last offset accessed,so for a given
window size � ~�� andlastoffset y z}|V~�� , valuesin therangeof y z}|V~��]�T�����u areinside
the window. Thevalueof � ~�� is selectableat compiletime. With this optimization
all requeststhatare“close” togetherareserviced,while requeststhatwould accessa
distantpartof thefile arenot. In theevent thatno requestsfall into this window, the
closestrequestis servicedinstead.

Opt 3 is basedon a window scanschedulingalgorithm(WSCAN) andtendsto
allow thesystemto moreeffectively usespatiallocality andcaching,especiallywhen
the operatingsystemis prefetchingbasedon file offset. On the otherhandthis al-
gorithm might not load balanceas well as Opt 1 or Opt 2 becausesomejobs that
arereadyfor servicemight not get servicedfor sometime. In addition,onehasto
considerthepotentialfor starvationwhena job is specificallyexcludedfrom service.
Starvation is possiblewith this algorithm;however, this algorithmwill never wait on
a job thatis not readyaslong asareadyjob is available.

Opt 4 is theonly algorithmthatdoesnot considerwhethera job is readyfor net-
work service.Thisalgorithmsortsall of thejobsbasedontheoffsetof thenext access,
startingfrom theoffset of the lastaccessandservicesthe jobs in thatorder, waiting
for a networkconnectionto becomereadywhenneccessary. This is an implemen-
tation of the shortestseektime first (SSTF)algorithm[DEN 67]. This algorithmis
extremelylikely to starve somejobs,andwewill seetheresultsof this whenwe later
discussfairness.Thepurposeof includingOpt 4 in our studyis to ascertainthemax-
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Round rWs r"t rWu r�v r�w Schedule(inorder)x s 100 400 300 r"t , r�w , rWux t 900 500 200 r�v , r�ux u 900 300 400 r"t , r(wx v 900 r sx w 1000 r s
Table 3. Exampleof Opt 3 schedulingwith � ~�� =600, startingwith y z}|�~�� =100

Round rWs r"t rWu r�v r�w Schedule(inorder)x s 100 400 300 r tx t 900 400 200 300 r vx u 900 300 400 300 r t , r wx v 900 400 400 r u , r wx w 900 500 r ux0� 900 r sx0� 1000 r s
Table 4. Exampleof Opt 4 scheduling,startingwith y z}|V~�� =100

imum possiblebenefitwe canobtainfrom disk-orientedschedulingwithin thePVFS
system.

Considerthefollowingexample.Assumethereare5 jobs,eachaccessingthesame
file. Assumethat the lastaccesswasat file position100. In eachrow, if a numberis
present,then the socketfor that job is readyfor service,and the numberindicates
the file offsetbeingaccessed.The scheduleshows the jobs thatwill be serviced,in
order. Notethattheroundsshown arenotintendedto representafixedamountof time,
thusthenumberof rowsdoesnot imply thattheresultingscheduleneccessarilytakes
longerto complete.Rather, this shows thedifferentschedulingroundscorresponding
to passesthroughthejobs.

UnderOpt 1, thereadyjobsarescheduledFCFSin eachround(Table1). Under
Opt 2, the ready jobs are scheduledin offset order in eachround (Table 2). The
schedulefor Opt 3 (Table3) bearssomeexplanation.In thefirst roundall threeready
jobs fall within the window, so all they arescheduledin offsetorder. In the second
round,Jobs2 and3 arewithin thewindow , but Job0 is not. Thesejobsareserviced
in file offset order. In the third round Jobs1 and4 arewithin the window andare
scheduledfor service. In the fourth round no jobs are within the window, so the
closest(andonly) job, Job0, is serviced. In the fifth roundJob0 is still within the
window andserviceis completed.Finally, underOpt4 (Table4), thejob with thenext
offset larger thantheprevious is scheduled,even if that job isn’t readyyet. Thusall
blocksareprocessedin orderunlessa job arrivesafterprocessinghasalreadypassed
its first offset.
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a) Contiguous b) Strided c) Random

Figure 7. Testworkloads

5. Workloads

In Section3 we coveredPVFS,the parallelfile systemusedin our experiments.
In this sectionwe will discussthe workloadswe examinedin orderto ascertainthe
effectivenessof our schedulingalgorithmsatservicingthreedifferenttestpatterns:

– singleblockaccesses

– stridedaccesses

– randomblock accesses

Threetestapplicationswereusedin this workloadstudy. Theseworkloadsrep-
resenta numberof accesspatternsseenin sometraditionalapplications,particularly
onesoperatingon densemultidimensionalmatrices.We includebothsinglecontigu-
ousblockaccess,stridedaccess,andmultiple randomblockaccessworkloadsin order
to cover a wide rangeof possibleworkloads.Figure7 shows the generalpatternof
accessfor theseworkloadsshown asrow-majortwo-dimensionalstructures.

In all casesa MPI applicationwasusedto createa setof applicationtasksthat
independentlyaccessa PVFSfile systemusingthenative PVFSlibraries. In all tests
a singlePVFSfile wasusedto storedata.

In thesingleblockaccesstests,contiguousregionsof thedatafile weresimultane-
ouslyaccessedby eachtask.Thetaskssynchronizebeforetheaccess,andthetimesto
completeaccesswererecorded.We considerthelongestservicetimeof any onetask
to betheapplicationservicetime,asthis is thetime theapplicationasa wholewould
have to wait if operationswerecollective. We alsocalculatethe meanservicetime
for all tasksandthevarianceof taskservicetime. Patternssuchastheseareseenin
applicationsaccessingdensematricesin a block manner, in checkpointapplications,
andin someout of coreapplications.

In the stridedaccesstests,multiple noncontiguousregionsof the datafile were
simultaneouslyaccessedby eachtaskusingasingle,simple-strided,operation.Again
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thetaskssynchronizebeforetheaccess,andthetimesto completetheoperationwere
recorded.As beforewe considerthe longesttaskservicetime to be the application
servicetime, andwe alsocalculatemeanservicetime andthe variance.Stridedac-
cessesareoftenseenasa resultof row cyclic distribution of datasetsandaccessto
portionsof recordsof a fixedsize.

Thepurposeof therandomblock accesstestsis to observe thesystemservingan
applicationwith anirregularaccesspattern.Thefile is logically dividedinto anumber
of blocks,andtheseblocksarerandomlyassignedto thetasksin theapplicationsuch
thateachtaskwill accessanequalnumberof blocks. Tasksaresynchronizedbefore
any accessesbegins,andtasksaccessall blocksin randomorderusinga native PVFS
operationto accesseachblock, oneblock at a time. The time to accessall blocksis
recordedfor eachtask, the largestof thesetotal times is consideredthe application
servicetime, andmeanservicetime andvarianceare alsocalculated. This pattern
might becreatedby anapplicationaccessingpiecesof a multidimensionaldatasetor
readingarbitraryrecordsfrom a largedatabase.

In all cases,our goalis to analyzetheeffectsof thefour schedulingalgorithmson
the performanceof the system,usingthreemetrics: applicationservicetime, mean
taskservicetime, andtaskservicetime variance.All of thesemetricsareimportant
in onesituationor another. For a systemservingsingleparallelapplications,applica-
tion servicetimemightbethemostappropriatemetric.For asystemrunningmultiple
parallel applicationsor many serial ones,meantask servicetime might be a more
appropriatemetric. Taskservicetime varianceis the varianceobserved betweenthe
servicetimesof tasksconcurrentlyaccessingthesystem.Thisvalueis anindicatorof
fairness;a low valueindicatesthat serviceis distributedfairly betweenjobs,while a
high varianceoftenindicatesthatstarvationis occurring.This is of particularimpor-
tancein real-timeapplications.

6. Experimental results

TheBeowulf machineon which this work wasperformedis a 17-nodeclusterat
ClemsonUniversity. Theclusterwasconfiguredasfollows. Eachnodehasa single
Pentium150 MHz CPU, 64 Mbytes EDO DRAM, 64 Mbytes local swapspace,a
2.1 GByte IDE disk, andTulip-based100 Mbit FastEthernetcard. The nodesare
connectedby anIntel FastEthernetswitchin full-duplex mode.

Onenoderuns the PVFS managerdaemonandhandlesinteractive connections
while the other nodesare usedas computenodes,I/O nodes,or both. Eachnode
runsLinux v2.2.13with tulip driver v0.89H.The IDE disksprovide approximately
4.5 Mbytes/secwith sustainedwritesand4.2 Mbytes/secwith sustainedreads,asre-
portedby Bonnie,apopularUNIX file systemperformancebenchmark[BRA ]. When
idle, approximately8 Mbytesof memoryareusedoneachnodeby thekernelandvar-
ious systemprocesses,including PVFS,leaving approximately56 Mbytesof space
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thatcouldbeusedby thesystemfor I/O buffers.Thewindow sizefor testswith Opt3
wassetto 56 Mbytes.Our testapplicationswerecompiledwith MPICH v1.2.0.

For theseteststwo nodeswere usedas I/O nodes,and14 nodeswereusedfor
computation.Thiscombinationallowedusto separatetheI/O nodesfrom thecompute
ones,to provide a numberof simultaneousjobsthat the I/O nodescanschedule,and
to ensurethatno single-diskoptimizationsareusedon theI/O nodes(mappingPVFS
file locationsto local file onesis simplerin thesingle-diskcase).

Varying schedulingalgorithmsfor write workloadsshowed only limited benefit,
so this datais not presentedhere.Interestedreadersaredirectedto [ROS00] for this
data. For readtests,beforeeachrun a local datafile larger thanthesizeof a node’s
memorywasreadin its entiretyon eachI/O nodeto remove all PVFSfile datafrom
cache.A separaterun of readtestswasadditionallyperformedin which we allowed
file datato remainin cache(i.e. did not reada local datafile betweenruns). These
resultsarecomparedto smallaccesseswithoutcachein thefollowingsectionsaswell.

We first discusstheapplicationandtaskservicetime metricfor eachof the tests,
presentingoutput for all four of the algorithmsdescribedearlier in this work. The
total dataaccessedon a singleI/O nodeis shown on theX axis,andservicetime is
providedontheY axis.Thedatapresentedis theaverageof threetestruns.Following
this discussionwe cover the issueof fairnesswith respectto our algorithmsandthe
testedworkloads.

6.1. Single block accesses

Theresultsfor singleblockaccessesareshown in Figure8. Whendatais uncached
we seethat Opt 4 providesby far the lowestaveragetaskservicetime, beatingthe
worstperformersby asmuchas28%.RecallthatOpt4 is our algorithmmostsimilar
to disk-directedI/O; only the requestclosestto the lastaccessedfile positionwill be
serviced.It is apparentthatwe aremoreeffectively utilizing disk resourceswith Opt
4 in this case.Applicationservicetimesareconsistentacrossall algorithms.

Whenfile datais cachedwe seethatOpt4 still resultsin thebesttaskservicetime
(beatingtheworstperformerby30$);however, thiscomesatthecostof asubstantially
higherapplicationservicetime thantheotheralgorithms.In this caseOpt 3 seemsto
be a moreappropriateoverall choicein this case.Recall thatOpt 3 relaxesthestrict
orderingof requests,allowing for jobs within a window to be servicedandalways
allowing thenearestreadyjob to be serviced.Whencacheddatais available,Opt 3
providesa betterapplicationservicetime while alsoresultingin a competitive mean
taskservicetime.

When examining the small, cachedservicetime graphsone can seea uniform
changein performanceat approximatelythe 56 Mbyte point. This is the point at
which webegin to exceedour cachesizeandstarthitting disk. This trendwill beseen
throughoutall thetestresults.
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6.2. Strided accesses

Resultsareshown for stridedaccessesin Figure9. For our stridedaccesspattern
we arbitrarily choseto access16 disjoint regionswith eachtaskaccess.Thesizeof
thedisjoint regionswasvariedthroughoutthetests.

When servicinguncachedstridedreadrequestswe seethat Opt 1 provides the
lowestmeantask servicetime by asmuchas14%, most likely due to the fact that
file datais interleaved betweenthe applicationtasks,resultingin Opt 1 performing
similarly to Opt 4, but without its orderingrestrictions. When datadoesresidein
cachewe seelessbenefitfrom usingOpt 1 over otheralgorithms,althoughit does
appearto still be the bestchoice. All algorithmsresult in approximatelythe same
applicationreadservicetimesover thewide rangeof accesssizes.

The file byte orderinglimitation imposedby PVFSis particularly inhibiting for
disk-orientedalgorithmsservicingthis type of workload. Sincein practiceall jobs
arenot startedsimultaneously, it is likely that the first job to arrive will be partially
servicedbeforeothersarestarted.Thesenew jobs might have datalocatednearthe
dataaccessedfor thefirst job, but thoseportionsof thenew jobsmaynot beserviced
until theirpoint in thebyteorderingis reached.

6.3. Random block accesses

We choseto studyrandomblock accessin additionto testsfocusingon known
patterns.An interestingcharacteristicof thesetestsis thatonly a fractionof thetotal
datato beaccessedis beingrequestedby jobsin serviceatany onetimebecausemul-
tiple operationsarerequiredto accessthe randomlydistributedblocks(usingnative
PVFScalls). This is in contrastto theprevioustests,whereall datato beaccessedis
requestedin singlecalls.Theresultof this is thatthetotalsizeof requestsatany point
in time is no morethan � �������q����z��R~ , where � ����� is the total amountof datathatwill
beaccessedand ����z��n~ is thenumberof blocksinto which thedatais split (per task).
Testswererun for ����z��n~ valuesof 16 and32. Resultsfor bothweresimilar, soonly
theresultsfrom 32 blockspertaskarepresentedhere.Interestedreadersaredirected
to [ROS00] for thisdata.

Figure10 presentsthe resultsfor 32 blocksper task. This is thefirst setof tests
for which we seea significantdifferencein uncachedapplicationservicetimes be-
tweenalgorithms.This is a clearindicatorthatwe arereducingtheamountof work
performedby theunderlyingI/O systemusingthedisk-orientedalgorithmsOpt3 and
Opt 4. Thesetwo algorithmsalsooutperformtheothersin taskservicetime for large
accesses.When cachingis in effect we againnote that Opt 1 becomesextremely
competitive,outperformingOpt4 by asmuchas10%.
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6.4. Fairness

For someapplicationsit is highly desirablefor servicetimes to be predictable.
For theseapplicationsfairnessis of extremeimportance,as starvation will lead to
unpredictableservicetimes. In Figure11 we show the taskservicetime variancefor
our tests.We show theresultsfor small,cacheddataandlargeaccesssesonly; small
uncachedresultsfollowedthetrendsof thelargeaccesses.

Whenlookingat thesmall,cachedgraphsweobserve auniform trendof spikesin
thevariancegraphsaswe enterthe56-64Mbyte range.This is to beexpectedasit is
at thispoint thataccessesfirst begin to resultin cachemisses.

Additionallyweseethatin generalOpt1 andOpt2 providebetter(lower)variance
thanOpt3 andOpt4. Weexpectedthis,asOpt1 andOpt2 bothserviceall readyjobs
on eachpass,while Opt 3 andOpt 4 allow certainjobs to starve. Opt 2 alsotendsto
provide morepredictableperformancethanOpt 1; this is undoubtedlydueto its more
fair methodof cycling throughfile locations.

Thenotableexceptionto this is large,stridedaccess.In this caseOpt 3 andOpt 4
providethemostpredictableperformance.This is dueto theirmorestrictenforcement
of ordering;by orderingaccessesby theirfile locationsthey enforcefair servicewhen
job datahappensto beorganizedin a stridedmanner.

As notedpreviously, Opt 3 andOpt 4 both introducethepossibilityof starvation.
Particularly in thecaseof Opt 4 workaroundsto avoid this situationwouldneedto be
addedif thealgorithmwereto beusedin a productionsystem.TheOpt 3 algorithm
alreadyimplementsa degreeof starvation-avoidance,andbasedon this we believe
that theadditionof suchworkaroundswould have a minimal impactof performance
in commonworkloads.

7. Conclusions and future work

As a whole we seethat we areable to affect applicationservicetime in only a
smallnumberof cases,andin generalourschedulingchangeshadlittle effectonwrite
workloads.This is not completelysurprisingconsideringthelimitationsdiscussedin
Section3.4.

However, weconsistentlyseebenefitsto applyingcertainalgorithmsin readcases
with respectto taskservicetime. In particular, for situationswhereuncachedcontigu-
ousregionsarebeingserviced,Opt 3 andOpt 4 show thebestperformance.On the
otherhand,for caseswheresignificantfractionsof dataarecachedwe seethatOpt 1
performsthebest.This is likely to bein partdueto thealgorithmitself andin partdue
to thetime it savesby notsortingjobsin service.

For our stridedreadworkloadwe seethat Opt 1 performsbestaswell. This is
partially dueto theimplicit interleaving in therequests.However, it is likely thatour
predefinedorderingof requestdatais alsoa factor. By this we meanthat the order
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in which requestdatais returnedto the requestingtaskby PVFSis alwaysin order
of monotonicallyincreasingfile byte offset. This constrainsthe order in which we
canservicethepiecesthatmakeup stridedrequests,which in turn limits theability of
moredisk-orientedalgorithmsto bestaccessthedisk.

If oneis mostconcernedwith “fair” service,Opt 2 would be the bestchoice. It
providedthelowestvariancefor almostall thetestedcaseswith little lossin applica-
tion or taskservicetime. The only exceptionto this wasthestridedcasewith large
accesses,in whichOpt 3 wouldbethebestchoice.

Overallweseethatnosinglealgorithmperformsbestover therangeof workloads,
but insteadthatalgorithmstendto beappropriateto a workloadsfitting certainchar-
acteristics.This indicatesthatratherthanrelyingonasinglealgorithm,serversshould
insteadhave a collectionof algorithmsat their disposal.Thesealgorithmscould be
selectedby administratorsbasedon expectedusage,but a moreeffective approach
wouldbeto automaticallyselectalgorithmsin responseto workloadcharacteristicsat
run-time.

Adaptive selectionof policiesfor cachingandprefetchinghave alreadybeende-
veloped[MAD 96, MAD 97]. Our intentionis to build a complementarysystemfor
selectingschedulingalgorithms.A behavioral modelincorporatingworkloadcharac-
teristicssuchastheextent andsizeof requestsin serviceandsystemeffectssuchas
availablecachewouldbecoupledwith heuristicsfor algorithmselection.Oneconcern
with sucha solution is that the overheadof performingthe calculationsat run-time
might outweighthepotentialgains,but previous work in kernel-level schedulingon
similar machinesindicatesthatperformingadditionalcalculationsat run-timeshould
befeasible[GEI 97].

We have recentlyimplementednoncontiguousrequestsfor PVFS.This capability
extendstheapplication’sability todescribetheoveralldesiredI/O patternto theserver,
which shouldenableusto betterscheduleservice.Additionalstudiesarenecessaryto
validatethis claim.
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Figure 8. Singleblock readperformance
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Figure 9. Stridedreadperformance
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Figure 10. Random(32 block) readperformance
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Figure 11. Taskservicetimevariancefor reads


